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Identifying the forces responsible for driving genomic divergence during speciation is a
major goal of research in evolutionary biology. Thus, many efforts have focused on
disentangling these forces by modeling the evolutionary histories of interacting
populations. Here, population genomic datasets and a diffusion approximation method is
used to model the demographic scenarios that influence divergence between Heliconius
erato and the incipient species Heliconius himera. The models support an isolation-withmigration scenario, with relatively low and heterogeneous rates of introgression
between H. himera and H. erato cyrbia. Additionally, the models suggest a history of
selection driving divergence and introgression patterns among H. himera and H. erato.
Collectively, these results support H. himera’s status as an incipient species within the H.
erato radiation and highlight the interplay of selection and demographic history in
shaping heterogeneous patterns of genomic divergence between hybridizing species.
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CHAPTER I
INTRODUCTION
Investigating the causes of population divergence is a key goal in evolutionary
biology, particularly for understanding the speciation process (Coyne and Orr, 2004;
Nosil, 2012). Between many closely related species pairs and lineages, it is common to
observe heterogeneous patterns of genomic differentiation (Ellegren et al, 2012; Nadeau
et al, 2013; Tine et al, 2014; Ravinet et al, 2017). However, the factors promoting
genomic divergence between populations are often difficult to ascertain, as forces like
divergent natural selection and heterogeneous recombination rates (Grant and Grant,
2008; Schluter and Conte, 2009; Wang et al, 2016) can play a substantial role, but so can
the demographic history of interacting populations (Wolf and Ellegren, 2017). Changes
in the effective population sizes and geographical ranges can affect the rates of lineage
sorting and migration, which can lead to the accumulation of genomic differences
between populations even when selection is absent (Sousa and Hey, 2013; Excoffier et al,
2013; Ortiz‐Barrientos and James, 2017). For instance, populations can become isolated
for periods of time and subsequently come into contact much later (known as “secondary
contact”), at which point sufficient neutral divergence has accumulated in their respective
genomes. Given the variety of forces that can act on genomes to produce heterogeneous
patterns of divergence, it can be difficult to infer the precise forces responsible.
Therefore, it is important to disentangle these factors during demographic inference. Due
1

to advancements in genomic data acquisition and the ability to simulate complex
population histories, it is now possible to investigate the relative importance of neutral
population processes during species divergence using genome-wide datasets.
There are many available methods for population demographic inference widely
available (Beichman et al, 2018). A commonly used method to infer the demographic
history of populations is to utilize the site frequency spectrum (SFS). The SFS is a
representation of the amount of genetic variation within a population that is impacted by
various population histories, such as changes in migration rates, population sizes, and
divergence times (Braverman et al, 1995; Gutenkunst et al, 2009; Figure 1.1). For two or
more populations, these summaries can be combined into a matrix of N dimensions
(where N represents the number of populations compared) that counts the number of
SNPs at a certain frequency in each sample population (known as the joint site frequency
spectrum (JSFS); Hernandez et al, 2007). By providing genetic data from an outgroup,
the SFS can be polarized so that the ancestral state can be determined. In cases where an
outgroup is not available, the SFS can be “folded” so that the minor allele is counted in
the SFS rather than the derived allele. Coalescent methods are often employed to
simulate JSFS of interacting populations and fit models to data, but this has often proved
computationally expensive (see Schaffner et al, 2005).
One computationally more efficient method (but only up to three interacting
populations) is to utilize a diffusion approximation to simulate the JSFS (Kimura, 1964;
Evans et al, 2007; Gutenkunst, 2009; Portik et al, 2017). This approach simulates
frequency spectra by solving for the density of single nucleotide polymorphisms (SNPs)
at discrete time intervals at relative frequencies for each population. These JSFS can be
2

simulated for several different demographic models to determine the most likely
evolutionary histories that fit each population pair (such as isolation-with-migration,
ancestral migration, and secondary contact scenarios).

Figure 1.1

The effects of demography on the joint site-frequency spectrum (JSFS)

Demographic factors affect the distribution of the joint site-frequency spectrum. (A) A
simple demographic model specifying a population of effective size 𝑁𝐴 diverging into
two populations with effective sizes of 𝑣1 𝑁1 and 𝑣2 𝑁2 , a symmetrical migration rate 𝑚 =
𝑀/2𝑁𝐴 , and split time of 𝜏 = 2𝑁𝐴 𝑡. (B) The joint site-frequency spectrum for the pair of
populations is affected greatly by varying the parameters of time, migration, and
population sizes outlined in (A). Modified from Gutenkunst et al. (2009).
Of the approaches developed to infer demography, the effects of selection on
genomic divergence are often neglected (Cruickshank and Hahn, 2014; Kern and Hahn,
2018), despite the fact that selection may affect a significant portion of the genome
3

resulting in heterogeneous patterns of divergence (Barton and Bengtsson, 1986; Nielsen
et al, 2007; Nosil, 2012; Wolf and Ellegren, 2017; Ravinet et al, 2017). Selection can
affect the genome in two very distinct ways: selection acting on genomic barrier loci due
to local adaptation, divergent selection or reproductive isolation (Sousa et al, 2013; Tine
et al, 2014), and selection at linked sites due to background selection or sweeps (Maynard
Smith and Haigh, 1974; Charlesworth et al., 1997). Selection acting on barrier loci
throughout the genome acts to locally reduce the effective migration rate (Barton and
Bengtsson 1986; Tine et al, 2014; Rougeux et al, 2017), whereas linked selection results
in a removal of linked nucleotide diversity leading to a local reduction in the effective
population size (Ne) at that region (Charlesworth, 2009; Rougeux et al, 2017). Therefore,
a demographic modeling scheme that allows for heterogeneous rates of introgression
along the genome and accounts for variation in Ne across the genome can capture the
effects of both modes of selection (Roux et al, 2013; Tine et al, 2014; Rougemont et al,
2017). Such an approach can consider these selective forces independently or in
combination (Rougeux et al, 2017) to detect a demographic scenario that fits with the
observed data and allows for an accounting of the factors that drive heterogeneous
genomic divergence.
The neotropical butterfly genus Heliconius (Nymphalidae: Heliconiinae)
represents an ideal study system to address questions related to genomic divergence, in
no small part due to the vast diversity of wing color patterns between races (Heliconius
Genome Consortium, 2012; Martin et al 2013; Merrill et al, 2015). The stark variety in
the vivid color patterns among the Heliconius races are utilized in aposematic signaling
in order to avoid predation as well as signals in sexual selection. Different toxic butterfly
4

species that occur together often converge on color patterns (Müllerian mimicry),
whereas related species often show divergence (Mallet and Gilbert, 1995; Van Belleghem
et al, 2017). In particular, the Heliconius erato radiation distributed across South and
Central America contains 25 distinct color pattern races that occasionally overlap
geographically and hybridize in the wild (Merrill et al, 2014; Van Belleghem et al, 2017;
Van Belleghem et al, 2018).
Additionally, within H. erato, divergent color pattern races are known to
hybridize with neighboring races and other Heliconius species that exist in parapatry and
intermediate color patters are observed (Mallet, 1989; Jiggins et al, 1996; Merrill et al,
2015). A pertinent example of this situation involves Heliconius himera, a species found
in South America in the northwestern regions of Peru and southwestern Ecuador that
shares narrow contact zones with three H. erato races: H. erato cyrbia in southwest
Ecuador, H. erato favorinus in northern Peru, and H. erato emma in northern Peru
(Figure 1.2; Jiggins et al, 1996; Mallet et al, 1998b; Arias et al, 2008). Previous
phylogenetic analyses based on autosomal loci nest H. himera within the broader H.
erato radiation, specifically placing it within the east Andean clade (Figure 1.3; Supple et
al, 2015; Van Belleghem et al, 2017). Although phylogenetically located within the H.
erato radiation, H. himera diverges significantly in both ecology and phenotype from
abutting H. erato populations. Ecologically, H. himera occupies an arid forest habitat at
higher altitudes than H. erato, which are predominantly found in wetter forest habitats
(Jiggins et al, 1996; Mallet et al, 1998b). Phenotypically, H. himera not only differs from
H. himera in color pattern loci due to divergent selection, but also in mate preference,
physiology, habitat preference, and larval development (Jiggins et al, 1996; McMillan et
5

al, 1997; Mallet et al, 1998a; Pardo-Diaz et al, 2012; Merrill et al, 2014). Even with the
existence of ecological differences and pre-mating isolation, the frequency of hybrids in
the narrow contact zone (~5km) between H. erato cyrbia and H. himera is estimated at 510%, and no intrinsic hybrid incompatibilities have been detected in experimental crosses
(McMillan et al, 1997; Mallet et al, 1998b). In spite of the evolution of pre-mating and
habitat isolation between the two species, the production of hybrids within contact zones
and the phylogenetic placement of H. himera within H. erato argues that H. himera is an
incipient species emerging from within the H. erato radiation.

Figure 1.2

Geographical distribution of focal populations

Colored geographical distribution of H. himera and the H. erato populations used in this
study. Red: H. himera. Blue: H. e. cyrbia. Purple: H. e. emma. Yellow: H. e. favorinus.
6

Figure 1.3

Phylogeny of the H. erato clade

A phylogenetic tree of the H. erato clade based on maximum likelihood analysis using
autosomal loci. Modified from Van Belleghem et al (2017).
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Though speciation is incomplete, studies of the genomic divergence in these
populations have found elevated and highly variable patterns of differentiation between
H. himera and H. erato cyrbia, suggesting that heterogeneous patterns of divergence in
the genome can possibly develop in the early stages of speciation (Supple et al, 2015). In
contrast to H. himera, hybridizing races of H. erato show extremely low levels of
divergence, except for very narrow windows near the loci responsible for color pattern
differences. However, even within H. erato there is relatively higher divergence between
some hybridizing races, which is often associated with a greater number of divergent
color pattern loci. Thus, in the H. erato clade, there is a continuum of divergence
represented by hybridizing races and incipient species that provides a unique opportunity
to investigate the drivers of genomic divergence through the speciation process.
The goal of this study was to infer joint demographic scenarios and selective
effects that could potentially impact patterns of genomic divergence between hybridizing
incipient species H. erato and H. himera. Specifically, the JSFS was generated using
whole genome SNP data for each population comparison, and alternative models of
varying complexity that allow for population size changes, genomic variation in rates of
introgression, and heterogeneous population sizes were fit to the observed data.
Given that estimates of population divergence between H. erato and H. himera
are elevated and highly heterogeneous (Van Belleghem et al, 2017), it is predicted that
demographic models will involve some degree of isolation, either an allopatric history
before contact (secondary contact) or isolation model with low rates of continuous
migration. A history of isolation can lead to the buildup of high genomic divergence
either due to stochastic drift or local adaptation and low rates of introgression can
8

homogenize certain genomic regions creating a heterogeneous divergence landscape
(Bierne et al, 2013; Ravinet et al, 2018). In addition, because hybrid phenotypes have
been discovered within these two contact zones (between H. himera/H. erato cyrbia and
H. himera/H. erato favorinus; Jiggins et al, 1996; McMillan et al, 1997; Mallet et al
1998a), hybridization occurs frequently in other Heliconius contact zones (Kronforst et
al, 2013; Martin et al, 2013), and it is thought that many divergence scenarios involve
periods of gene flow rather than strict allopatry (Feder et al, 2012; Nosil, 2012), it is
predicted that all H. erato and H. himera contact zones will fit models incorporating
migration, rather than strict isolation scenarios. Finally, because H. erato and H. himera
differ in both ecology and locally adapted phenotypic traits (such as color pattern),
models that incorporate parameters to account for the effects of selection are expected to
fit better to the data. The important joint contribution of selective forces and neutral
population demography to shaping the divergence continuum of the H. erato radiation is
discussed and potential future directions are highlighted.

9

CHAPTER II
METHODS
Analyses in this study utilized genotype data from a total of 122 individuals (110
Heliconius erato, 9 Heliconius himera, and 3 Heliconius hermathena) that were obtained
from previous studies (Van Belleghem et al., 2017; Van Belleghem et al., 2018; Van
Belleghem et al., unpublished). A complete summary of the sampling is available in
Appendix A.1.
2.1

Sampling, sequencing, and genotyping
Sampling was conducted across South America and among ten contact zones

within the H. erato clade. The H. erato and H. himera samples consist of a total of fifteen
phenotypically pure color pattern forms (phenotypes that are matched to each H. erato
geographic race) across Suriname, Colombia, Ecuador, Panamá, Peru, French Guiana,
Mexico and Bolivia, while H. hermathena was sampled from Brazil (Appendix A.1). In
total, these included the following H. erato races: H. erato amalfreda (n=5), H. erato
chestertonii (n=7), H. erato cyrbia (n=14), H. erato demophoon (n=10), H. erato emma
(n=11), H. erato erato (n=6), H. erato etylus (n=5), H. erato favorinus (n=12), H. erato
hydara (n=11), H. erato lativitta (n=5), H. erato notabilis (n=10), H. erato petiverana
(n=5), H. erato phyllis (n=4), and H. erato venus (n=5).

10

Figure 2.1

Sampling localities for focal H. himera and H. erato populations

Sampling localities and two contact zones for H. erato populations used in ∂a∂i analysis.
(A) Sampling map in South America (across Peru and Ecuador) where samples were
collected. H. erato cyrbia is represented by blue circles, H. erato emma by green
triangles, H. erato favorinus by dark yellow circles, and H. himera by red squares. (B)
West Andean contact zone between H. himera and H. erato cyrbia. (C) East Andean
contact zone between H. himera and both H. erato emma and H. erato favorinus. A
complete sampling summary is available in Appendix A.1

All individuals were resequenced to 15-30x coverage with Illumina HiSeq 2500
and 100bp paired-end reads were aligned to the H. erato v1 reference genome (Van
Belleghem et al., 2017) using Burrows-Wheeler Alignment v0.7 (BWA; Li and Durbin,
2010; Li, 2013). In order to accurately genotype individuals, Genome Analysis Tool Kit
11

(GATK; Van der Auwera et al., 2013) Haplotypecaller was used. Only genotype calls
that displayed a minimum depth (DP) ≥ 10, a maximum DP ≤ 100, and a minimum
genotype quality score (GQ) ≥ 30 were selected for further analysis. Across all H.erato
and H. himera samples, an average of 62% of the non-repetitive region of the genome of
each individual was genotyped, whereas across the three H. hermathena (outgroup)
samples, an average of ~44% of the non-repetitive region per individual was genotyped.
All of the sampling, sequencing and genotyping described above was performed in Van
Belleghem et al. (2017) and Van Belleghem et al (2018).
2.2

Population divergence and reproductive isolation index
To explore the spectrum of divergence between hybridizing races and species in

the H. erato clade that vary in their degree of reproductive isolation, I estimated
divergence and reproductive isolation values for 16 population pairs (See Appendix A.1
for a complete list of all population pairings). In order to estimate the levels of relative
divergence between populations, EggLib (De Mita and Siol 2012) was used to calculate
genome-wide FST, a measure of population differentiation (Hudson et al. 1992), in
nonoverlapping 50 kb windows. Windows were only considered if at least 10% of the
positions were genotyped for at least 75% of the individuals within each population.
Applying this criterion resulted in an average of 96% of the windows for each
comparison being retained for analysis.
In order to estimate the total reproductive isolation index (RI) for each population
pair, values for three types of isolation mechanisms were defined: ecological isolation
(RIec) due to divergent selection (such as on color patterns), pre-mating isolation (RIpre)
due to factors such as mate preference, and post-mating isolation (RIpost) due to factors
12

such as hybrid sterility and/or inviability. These three values were then added and
averaged to get the final RI value: 𝑅𝐼 =

𝑅𝐼𝑒𝑐 +𝑅𝐼𝑝𝑟𝑒 +𝑅𝐼𝑝𝑜𝑠𝑡
3

. Values were estimated from the

existing literature by looking at differences in the three major color pattern loci (wntA,
cortex, and optix; Van Belleghem et al, 2017) between each pair, whether mate
preference is involved between both or one of the populations in a pair, and whether
postzygotic hybrid incompatibilities are present in the population pair. Each color pattern
locus is assigned a RIec value of 0.33, each member involved in mate preference is
assigned a RIpre value of 0.5, and each member that displays hybrid sterility receives a
RIpost value of 0.5. All population comparisons and reproductive isolation estimates are
available in Appendix A.1.
2.3

Phylogenetic analysis and population structure
For each population, genotype data for was filtered for biallelic SNPs with a

threshold of at least 50% minimum genotype calls using a modified filterGenotypes.py
script from Simon H. Martin (https://github.com/simonhmartin/genomics_general). To
avoid conflicting evolutionary histories on the Z and W chromosomes, only autosomal
sites were included in these analyses. In addition, only variant calls that had coverage in
all individuals were used. The resulting SNP calls were employed in the construction of a
phylogenetic tree for populations used in the demographic analyses and a Principal
Component Analysis for all populations.
To assess the phylogenetic relationship of H. himera and H. erato, an
approximate maximum-likelihood tree from whole-genome calls of 4,927,152 SNPs was
generated. FastTree v2.1 (Price, Dehal, and Arkin, 2010) was used with the default
13

parameters for nucleotide sequences after converting the biallelic genotype data into
FASTA format (using a Python script, genoToSeq.py, from Martin and Van Belleghem,
2017). FastTree creates an initial heuristic neighbor-joining-like tree and then conducts a
local search for common topology rearrangements. This procedure is followed by local
hill-climbing steps in order to maximum the likelihood of the topology. After improving
the tree, FastTree estimates node support using the Shimodaira–Hasegawa test. A
FastTree phylogeny was generated from H. erato samples stratified by region using H.
hermathena to root the tree.
To examine population structure among the sampled H. erato and H. himera, a
principal component analysis (PCA) using EIGENSTRAT SmartPCA was employed
(Price et al., 2006) with 5,058,785 biallelic autosomal sites. The outgroup population, H.
hermathena, was not included in the PCA analysis. SmartPCA will reduce the
dimensionality of the SNP data by transforming correlated variables into a reduced
number of uncorrelated principal components. The first principal component (PC1)
accounts for the majority of the variation in the data, whereas the following principal
components (PC2, PC3, etc) each account for the remaining variation.
2.4

Demographic inference
In order to investigate the relative contributions of selection and demography,

butterflies from two replicate contact zones where H. himera and H. erato are known to
come into contact (an east Andean and a west Andean) were used in the demographic
analyses (Figure 2.1). In the west zone, H. himera and H. erato cyrbia come into contact
and in the eastern zone, H. himera comes into contact with the two color pattern forms H.
erato emma and H. erato favorinus. Therefore, pairwise population models include
14

comparisons between H. himera/H. erato cyrbia, H. himera/H. erato emma, and H.
himera/H. erato favorinus. In addition, a fourth population comparison between the east
populations (H. erato emma and H. erato favorinus) and the western H. eraro cyrbia is
also included for context.
To ensure proper demographic inference with independent unlinked loci, raw
genotype calls files were filtered for biallelic SNPs so that a single SNP was sampled on
average every ~1000 bp using the filtergenotypes.py script with a -ThinDist setting of
500. This setting was chosen based on detailed recombination maps that are available for
Heliconius which indicate that a very rough threshold of linkage disequilibrium (LD)
decay at 1e+03 bp (Martin et al, 2018 in Figure S1).
From the filtered calls data, single population and joint population site-frequency
spectra (SFS and JSFS, respectively) were calculated and polarized using H. hermathena
as the outgroup. By specifying the outgroup, SFS and JSFS can be unfolded so that the
ancestral vs derived state can be determined for each SNP. For 2-dimensional joint sitefrequency spectra, these included all of the four pairwise population comparisons
mentioned previously. Creation of both single population and joint population sitefrequency spectra was done using a customized Python script (sfs.py) available from
Simon H. Martin (https://github.com/simonhmartin/genomics_general).
To perform demographic inference on the 6 population pairs, a modified version
of the Python-based software ∂a∂i v1.7 (Diffusion Approximation for Demographic
Inference; Gutenkunst et al, 2009) was used. The package can simulate the joint sitefrequency spectra for up to three populations via a diffusion approximation to the WrightFisher model. These simulated frequency spectra can be fit to the data under alternative
15

models to infer demographic history. Frequency spectra are simulated by solving for the
density of SNPs at time 𝑡 (𝜙(𝑥1 , 𝑥2 , . . . , 𝑥𝑃 , 𝑡)) at relative frequencies for each
population:

𝜕𝜙
𝜕𝑡

1

𝜕2 𝑥𝑖 (1−𝑥𝑖 )
𝜙
𝑣𝑖
𝑖

= 2 ∑𝑃𝑖=1 𝜕2 𝑥

𝜕

− ∑𝑃𝑖=1 𝜕𝑥 (𝛾𝐼 𝑥𝑖 (1 − 𝑥𝑖 ) + ∑𝑃𝑖=1 𝑀𝐼←𝐽 (𝑥𝑗 − 𝑥𝑖 )𝜙
𝑖

(2.1)

In the above partial derivative equation (2.1), the effective population size is represented
by 𝑣𝑖 = 𝑁𝑖 /𝑁𝑟𝑒𝑓 , the selection coefficient by 𝛾𝑖 = 𝑠𝑖 /𝑁𝑟𝑒𝑓 , and migration by 𝑀𝑖←𝑗 =
𝑁𝑟𝑒𝑓 𝑚𝑖←𝑗 . The package allows customization of simulated models to handle changes in
population growth, migration rates, and selection, allowing the user to construct complex
scenarios (such as bottleneck models with growth and divergence with gene flow).

Figure 2.2

Four basic divergence models used in ∂a∂i analysis

Schematic of the four basic models used in this study: Strict isolation (SI), isolation-withmigration (IM), ancestral migration (AM), and secondary contact (SC). The remaining 22
models are nested within these four.
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This study follows the modeling scheme and ∂a∂i pipeline from Rougeux et al
(2017), in which four basic models were tested (Figure 2.2) as well as 22 additional
models that are extensions of the original four. The basic models include a strict isolation
scenario (SI), ancient migration scenario (AM), isolation-with-migration scenario (IM),
and a secondary contact scenario (SC). Basic models involve an ancestral or reference
population (𝑁𝑟𝑒𝑓 ) splitting into two resulting populations of effective size 𝑁1 and 𝑁2 ,
respectively, at 𝑡 generations (𝑇𝑆 in SI and IM, 𝑇𝑆 + 𝑇𝐴𝑀 in AM, and 𝑇𝑆 + 𝑇𝑆𝐶 in SC).
The two populations have the opportunity to experience gene flow in IM, AM, and SC at
a rate 𝑚12 from population 2 into population 1 and 𝑚21 in the reverse. To extend the
models, growth rate parameters (G) were added (𝑔1 for population 1 and 𝑔2 for
population 2), which are ratios of contemporary to ancient population sizes to account for
changes in the effective population size (whether they be bottlenecks or expansions) over
time. Accounting for heterogeneous effective population sizes across the genome (HillRobertson effects) due to a local reduction in 𝑁𝑒 , models include two categories of loci
(2N) that occur in proportions of 𝑄 and 1 − 𝑄. These parameters allow the models to
capture the effects of linked selection that are due to sweeps and background selection
(Maynard Smith and Haigh, 1974; Charlesworth et al, 1993). In addition, a HillRobertson scaling factor (ℎ𝑟𝑓) is included with these models to relate the effective size of
loci experiencing selection to that of neutral loci. Models that infer rates of migration
(IM, AM, and SC) are also extended with parameters to account for heterogeneous
migration rates (2m) across the genome that are potentially the result of barrier loci (Tine
et al, 2014). The models include a proportion of loci (𝑃) that are experiencing standard
migration rates 𝑚12 and 𝑚21 in addition to a second category of loci (1 − 𝑃) that are
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undergoing migration at rates 𝑚𝑒12 and 𝑚𝑒21 . Given that the outgroup H. hermathena
was used to polarize the JSFS for all comparisons, a parameter 𝑂 that represents the
proportion of correctly oriented SNPs is included in all models to account for ancestral
state misidentification. This parameter is estimated by reversing the JSFS simulated by
the model along both axes to obtain misoriented SNPs, and creating a mixed JSFS of
oriented (𝑂) and misoriented (1 − 𝑂) variants. In addition, the effective mutation rate (𝜃)
of 𝑁𝑟𝑒𝑓 is also estimated as a free parameter.
Fitting of 26 independent models for each comparison involves three rounds of
optimization for an improved exploration of the likelihood landscape for model
parameters (Tine et al, 2014): two simulated annealing optimization procedures (one hot
and one cold) followed by one round of the Broyden–Fletcher–Goldfarb–Shanno (BFGS)
hill-climbing optimization. The simulated annealing procedure allows for discovery of
global optima when in the presence of several local optima by occasionally allowing for
costly steps in parameter space (Kirkpatrick et al. 1983). Parameters optimized from the
simulated annealing with the highest log-likelihood score are then evaluated in the BFGS
optimization step. Each model was fitted independently and the best one retained based
on the Akaike Information Criterion (Burnham and Anderson, 2004; Appendix A.1):

𝐴𝐼𝐶 = −2 𝑙𝑛(𝐿) + 2𝑘,

(2.2)

where 𝐿 represents the value of the likelihood function and 𝑘 represents the number of
parameters in the model. Penalizing model scores based on an increasing number of
parameters allows this approach to account for overparameterization. To compare among
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the different models, the difference between each model’s AIC score (𝐴𝐼𝐶𝑚𝑜𝑑𝑒𝑙 ) and the
lowest AIC score (𝐴𝐼𝐶𝑚𝑖𝑛 ) for that comparison was calculated as 𝛥𝑖 = 𝐴𝐼𝐶𝑚𝑜𝑑𝑒𝑙 −
𝐴𝐼𝐶𝑚𝑖𝑛 . This value was used to determine the probability that a given model is the best
given the data and the set of alternative models by normalizing the relative likelihood
values using Akaike weights (Burnham and Anderson, 2002):

1

𝑤𝑖 =

𝑒𝑥𝑝(− 𝛥𝑖 )
2
1
2

,

∑𝑅
𝑖=1 𝑒𝑥𝑝(− 𝛥𝑖 )

(2.3)

where 𝑅 represents the total number of models being compared (R = 26) for each
comparison. Because the aim of this study was to perform demographic model selection,
raw parameter estimates were not converted into biologically relevant units, and such
conversions should be estimated by generating confidence intervals using a bootstrapping
procedure (Coffman et al, 2016). Python scripts used to perform optimization and plots of
the resulting data can be found in Appendix A.1.
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CHAPTER III
RESULTS
3.1

Patterns of divergence and reproductive isolation between H. erato races and
incipient species
Average FST estimates for each of the 16 comparisons used in the reproductive

isolation index are plotted versus the RI values calculated for each population pair
(Figure 3.1A). Considered with several other comparisons of divergence within H. erato
hybrid zones, a continuum can be represented and correlated with the degree of
reproductive isolation which shows populations at varying stages of divergence. At the
low end of the divergence continuum, hybridizing races within broad contact zones that
differ only at a single color pattern locus and show little reproductive isolation can be
found, such as H. erato hydara/H. erato demophoon from Panama (Figure 3.1B). At the
high end of the divergence continuum sits H. erato cyrbia/H. himera in Ecuador, which
display a high degree of pre-mating reproductive isolation, although hybrids do not show
intrinsic postzygotic isolation (Jiggins et al, 1997; Mallet and Dasmahapatra, 2012).
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Figure 3.1

Reproductive isolation and genomic divergence continuum across H. erato
contact zones

(A) Plot of the average FST for each hybrid zone against their respective reproductive
isolation (RI) values. RI values are calculated as the combined effects of ecological
isolation (RIec), pre-mating isolation (RIpre), and post-mating isolation (RIpost). FST
calculated on autosomal loci only. (B) FST values calculated for the respective
populations (right), in which peaks represent high differentiation of allele frequencies.
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3.2

Phylogenetic relationships and population structure
Consistent with previous phylogenetic analyses, H. himera is nested within the H.

erato clade and not a sister species to H. erato (Figure 3.2). Heliconius himera is most
closely related to H. erato races from the east of the Andes, which again is consistent
with previous phylogenetic analyses that include more taxa sampling within the H. erato
clade (Van Belleghem et al. 2017).
Nodes representing the major clades within H. erato (east and west of Andes)
obtained high support (> 0.8) from the Shimodaira-Hasegawa test. Importantly, the
northern and southern populations of H. himera showed monophyly, reflecting genetic
differentiation among the populations.
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Figure 3.2

Maximum likelihood tree based on autosomal loci

Phylogenetic results from FastTree reveal H. himera embedded within H. erato clade.
Focal populations are those used in demographic inference, with H. hermathena
designated as the outgroup. Values at nodes represent ML bootstrap values based on
Shimodaira-Hasegawa tests. Support values less than 0.5/50% are not shown.
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To further investigate population structure among the hybridizing races and
species, PCA was conducted on all the available H. erato clade samples (Figure 3.2A), all
the H. erato samples used in the demographic modeling with H. himera (Figure 3.2B),
and all of the H. erato samples used in demographic modeling with H. himera, adding H.
erato phyllis, H. erato venus, and H. erato chestertonii (Figure 3.2C). Like with the
phylogenetic analysis, H. erato races primarily grouped according to their geographic
distribution as opposed to phenotypic color pattern, the exception being H. himera and H.
erato chestertonii which were grouped apart from the other H. erato and represent
distinct populations (Figure 3.2C). The primary geographic clusters include populations
from west of the Andes, populations east of the Andes, populations from Mexico, and
populations from Panama (Figure 3.2A). In all analyses, H. himera and H. erato
chestertonii fell out as distinct clusters, with H. himera grouping more closely with
populations of H. erato to the east of the Andes, and H. erato chestertonii with races west
of the Andes (Figure 3.2C). The results of these analyses largely agree with previous
studies (Van Belleghem et al, 2018; Hines et al, 2011) and demonstrate clear population
structure within the H. erato radiation between East Andes, West Andes and H. himera,
but little divergence among East Andes populations.
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Figure 3.3

PCA plots of H. erato populations using only autosomal variants.

PCA does not include H. hermathena due to geographical isolation between it and the
other H. erato populations dominating the signal. (A) PCA plot of all H. erato
populations used in the demographic analyses in addition to H. erato phyllis, H. erato
venus, and H. erato chestertonii. (B) PCA plot of H. erato populations used in
demographic inference compared to H. himera
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3.3

Demographic inference
Detailed results for demographic inference are presented in Table 3.1, Figure 3.3,

and in Appendix A.1. A total of 26 alternative demographic models of varying
complexity were fitted to the JSFS for four pairwise comparisons (Table 3.1). The
modeling approach utilized, in addition to accounting for population size changes and
variation in migration rates, allows for heterogeneity throughout the genome in migration
rates and in effective population size in order to account for selective forces that can
shape the genomic landscape. The JSFS for the four populations demonstrate the degree
to which two populations share polymorphism. In particular, the comparison within H.
erato (Figure 3.3A) show greater sharing of SNPs across the diagonal than the remaining
comparisons of H. erato with H. himera. The lowest density of shared variation across
the diagonal can be clearly seen in the H. himera and H. erato cyrbia (Figure 3.3B)
comparison, which also displays the highest number of non-shared variants around the
outer edges of the JSFS.
During optimization, the consistency of the likelihood scores increased as
optimized model parameters from the previous step were introduced into subsequent
steps. Model scoring highlighted the value of allowing for heterogeneity in effective
population size and migration rate. The highest scoring models either included
heterogeneous migration (2m) parameters or heterogeneous population size parameters
(2N). Models of strict isolation (SI) were typically poor fits to the data, displaying the
lowest log-likelihoods and the highest residuals (Appendix A.1). The proportion of
accurately oriented SNPs in the polarized JSFS (parameter O) was consistent (~97%)
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across all comparisons, suggesting that the ancestral state for the majority of SNPs was
correctly identified using H. hermathena as the outgroup population.

Figure 3.4

Results of demographic modeling for each population comparison

(A) East (H. erato emma and H. erato favorinus) and H. erato cyrbia, (B) H. himera and
H. erato cyrbia, (C) H. himera and H. erato emma, and (D) H. himera and H. erato
favorinus. The JSFS for the data are depicted here, along with the JSFS of the best-fit
models, the model residuals, and simplified schematics of the models. For each JSFS, the
color scale represents the logarithm of the number of variants for each entry. Note that
model schematics are not scaled to reflect population growth.
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A secondary contact (SC) scenario fit best with the observed JSFS for the East
and H. erato cyrbia comparison, while isolation with migration (IM) models fit best for
the remaining three population pairs, including H. himera and H. erato cyrbia, H. himera
and H. erato emma, and H. himera and H. erato favorinus (Table 3.1). All Akaike
weights (ωi) for each highest ranked model were exactly 1. A secondary contact model
involving heterogeneous migration rates and exponential population size changes
(SC2mG) is supported best for East and H. erato cyrbia (ωi = 1)(Figure 3.3A). Both
ancient and contemporary population size estimates for East are larger than for H. erato
cyrbia, and migration estimates during secondary contact indicate higher migration from
East into H. erato cyrbia (Table 3.1). An isolation-with-migration model with
heterogeneous migration rates and exponential population size changes (IM2mG) is
supported best for H. himera and H. erato cyrbia (ωi = 1)(Figure 3.3B). The results
indicate an expansion of H. erato cyrbia relative to H. himera, which experienced a
contraction, and heterogeneous migration from H. erato cyrbia into H. himera, and
notably a highly reduced migration rate from H. himera into H. erato cyrbia
(me21=6.05e-20; Table 3.1). For the H. himera and H. erato emma comparison, an
isolation-with-migration model with two categories of loci experiencing different
effective population sizes (IM2N) is most supported (ωi = 1)(Figure 3.3C), indicating that
H. erato emma has a much larger effective population size than H. himera and that
migration occurs primarily from H. erato emma into H. himera. The fraction of the
genome that is estimated to undergo reduced effective population size (Q) is estimated as
~50% and the proportion of reduced effective population size in those loci (HillRobertson factor, hrf) is estimated as ~34% (Table 3.1). Lastly, for the comparison of H.
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himera and H. erato favorinus, an isolation-with-migration model with heterogeneous
effective population sizes across the genome and exponential growth (IM2NG) fits the
data best (ωi = 1)(Figure 3.3D). The model estimates a larger effective population size for
H. erato favorinus compared to H. himera, in which there is a contraction in both
populations, and a higher effective migration rate from H. erato favorinus into H. himera.
There is an estimated Q of ~13% and a hrf of ~10% (Table 3.1).
Several patterns emerged from the demographic model selection between the four
population comparisons. Namely, all H. erato populations that come into contact with H.
himera display a continuous divergence model with migration. For each of these
comparisons of H. himera and H. erato, H. himera displayed reduced effective
population sizes and lower migration rates into H. erato populations than vice-versa,
especially when compared to H. erato cyrbia. (Table 3.1).
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Table 3.1

Best fitting demographic models and unscaled parameter estimates from ∂a∂i for each population comparison.

Comparison
East x CYR

Model
SC2mG

ωi
1

Log-L
-4010.4

AIC
8045

theta
17328

n1
7.14

n2
0.63

g1
3.97

g2
10.82

hrf
-

m12
0.15

m21
0.41

me12
0.18

me21
3.62

TS
1.03

TAM
-

TSC
1.29

P
0.51

Q
-

O
0.97

HIM x CYR

IM2mG

1

-3020.9

6064

49243.9

0.69

0.27

0.63

13.41

-

0.25

0.16

0.02

6.05E-20

1.14

-

-

0.63

-

0.97

HIM x EMMA

IM2N

1

-1311.3

2639

25154

0.47

17.44

-

-

0.3

0.83

0.08

-

-

1.52

-

-

-

0.5

0.97

HIM x FAV

IM2NG

1

-1997.9

4016

25558.7

0.71

94.27

0.48

0.05

0.1

0.65

0.09

-

-

1.53

-

-

-

0.13

0.97
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Abbreviations in order: i, the weighted AIC for that model; Log-L, the natural logarithm of the maximum likelihood; AIC, the
Akaike information criterion for that model; theta (𝜃), effective mutation rate for Nref; n1 and n2, effective population sizes for
population 1 and population 2, respectively, after the divergence event; g1 and g2, population growth coefficients for population 1
and population 2, respectively; hrf, the Hill-Robertson scaling factor; m12, migration rate from population 2 into population 1; m21,
migration from population 1 into population 2; me12, migration rate for a second class of loci from population 2 into population 1;
me21, migration rate for a second class of loci from population 1 into population 2; TS, duration of divergence; TAM, duration of
migration during ancient migration; TSC, duration of migration during secondary contact; P, the proportion of the genome
undergoing effective migration at rates m12 and m21; Q, proportion of the genome with effective sizes at n1 and n2; O, proportion of
accurate SNP orientation. Complete model testing results are available in Appendix A.1.

CHAPTER IV
DISCUSSION
4.1

Demographic history within the H. erato clade
Heterogeneous accumulation of genomic divergence between populations are the

result of both selection and neutral demography interacting in complex ways (Roux et al,
2016; Schrider et al, 2016; Rougemont et al, 2017; Rougeux et al, 2017). Teasing out the
influence of each of these factors on genome-wide patterns of variation during divergence
is challenging. Often studies that investigate the historical demography of populations fail
to explicitly consider the confounding impact of selection on inference (Ellegren, 2014;
Ewing and Jensen, 2016; Flatt, 2016; Wolf and Ellegren, 2017; Kern and Hahn, 2018).
In this study, alternative demographic models are explicitly analyzed that account
for different population histories and selective effects separately and in combination.
Specifically, the models accounted for linked selection and selection on barrier loci
throughout the genome (Rougeux et al, 2017). This modeling scheme was designed to
infer the mechanisms driving divergent genome-wide patterns between the incipient
species H. himera and three H. erato races that come into contact in nature (Figure 3.1).
Using the JSFS as a summary of genetic differentiation between the interacting
population pairs, diffusion approximation was used to generate model JSFS under
varying scenarios that were fit to the observed JSFS using composite likelihood
estimations (Gutenkunst et al, 2009). The power to infer demography was increased by
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polarizing the JSFS with the outgroup H. hermathena from Brazil, which does not come
into contact with any of the H. erato clade populations used in the demographic analysis.
To understand how demographic modeling would assess the evolutionary history
of populations, a comparison was performed between two isolated populations: H. erato
to the east of the Andes and the west Andean population H. erato cyrbia. Although the
east Andean populations (H. erato emma and H. erato favorinus) and H. erato cyrbia are
geographically separated by a mountain range and not known to come into contact
(Figure 2.1; McMillan et al, 1997; Quek et al, 2010; Supple et al, 2015), a secondary
contact scenario fit best to the data (Figure 3.4A; Table 3.1). Though not in direct contact
with each other, both H. erato cyrbia and eastern H. erato do come into contact with H.
himera through narrow hybrid zones in southwestern Ecuador and northern Peru,
respectively (Jiggins et al, 1996; McMillan et al, 1997; Mallet and Dasmahapatra, 2010),
and the recovery of a secondary contact model for these populations can be likely
attributed to H. himera acting as an intermediary to shuttle alleles between these
populations. The subsequent introduction of gene flow with H. himera after a period of
allopatric isolation between east and west populations can thus resemble a secondary
contact scenario if the migration generates an excess of shared alleles at intermediate
frequencies (Alcala et al, 2015; Roux et al, 2016).
For the contact zones of H. erato with H. himera, scenarios of isolation-withmigration, coupled with heterogeneous rates of gene flow and/or two categories of loci
experiencing different effective population sizes fit the data best. Parameter estimates for
these scenarios indicate that both H. erato cyrbia and eastern H. erato populations show
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an increase in population size, whereas H. himera displays a population contraction in all
three comparisons (Table 3.1). These results largely agree with previous coalescent
demographic inferences for the H. erato clade, which indicate eastern H. erato
experienced a population expansion starting close to 1 MYA, as does H. erato cyrbia,
whereas H. himera experienced a population contraction close to 300 KYA (Van
Belleghem et al, 2018). Additionally, a bottleneck scenario is in accordance with the
observed lower nucleotide diversity and lower Z/A ratio present in H. himera relative to
the other H. erato populations (Van Belleghem et al, 2018).
4.2

H. himera as an incipient species within the H. erato clade
The phylogenetic tree (Figure 3.2), principal component analysis (Figure 3.3), and

the JSFS for each population pair (Figure 3.4) provide clear evidence for population
structuring within the H. erato clade. In general, the phylogenetic tree and PCA
constructed here largely agrees with previous whole genome analyses generated for the
H. erato clade (Supple et al, 2015; Martin et al, 2016; Van Belleghem et al, 2017), in
which color pattern races group by geography as opposed to phenotype. As with previous
phylogenetic analyses, H. himera is placed within the H. erato radiation, further
indicating that H. himera emerged within the H. erato clade. Eastern Andean taxa group
separately from the western group (H. erato cyrbia) in both phylogenetic trees and PCA
plots. H. himera forms a monophyletic grouping (with long branch lengths) which is split
into a northern and southern population, and is nested closer to eastern H. erato
populations, particularly H. erato emma.

33

The JSFS for each comparison shows a stronger degree of divergence for H.
himera and the H. erato populations than for the comparisons between east and west H.
erato. The JSFS, since it represents the proportion of shared polymorphism at a given
frequency for each population, can indicate where each population comparison falls on
the divergence continuum. When two interacting populations share polymorphism to a
high degree, the density of SNPs along the diagonal of the JSFS is highest, and when two
populations show considerable divergence, polymorphism density is no longer highly
correlated between them. As is the case here, the greatest degree of divergence in the
JSFS is represented by H. himera and H. erato cyrbia, where the diagonal is sparsely
populated, followed by H. erato east populations and H. himera, and lastly eastern H.
erato compared to H. erato cyrbia shows a lesser degree of divergence. The combined
results from the phylogenetic analysis, the PCA, and the generation of JSFS all support
that H. himera, once existing as a separate color pattern race within H. erato, has become
isolated over time, experiencing a reduction in gene flow with nearby H. erato
populations, and now truly represents an incipient species that is divergent from the H.
erato clade and maintains its integrity in the face of limited opposing gene flow with
parapatric H. erato populations (Jiggins et al, 1996; McMillan et al, 1997).
4.3

Linked selection as a driver of divergence between eastern H. erato
populations and H. himera
As mentioned previously, determining drivers of the genomic patterns seen in the

divergence continuum using demographic modeling can be difficult, since the makeup of
the genomic landscape during divergence is influenced by a multitude of factors. These
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include, in addition to neutral demographic processes, variation in recombination rate and
selection acting throughout the genome (Schluter and Conte, 2009; Wang et al, 2016).
Thus, it is increasingly important that studies performing demographic inference using
population genetic data incorporate the effects of selection into models of divergence
(Tine et al. 2014; Rougemont et al, 2017; Rougeoux et al, 2017).
One type of selection that is known to influence the genomic landscape involves
positive selection due to selective sweeps (Maynard Smith and Haigh, 1974) and
background selection (Charlesworth et al, 1993), which act both on selected sites and
linked neutral variation to decrease the genetic diversity at that region. Linked selected
has the effect of locally reducing the effective population size (Ne) of certain regions of
the genome that are experiencing selection, especially in chromosomal regions of low
recombination (Cruickshank and Hahn, 2014). This reduction in Ne can be captured by
constructing models with two categories of loci (Q and 1-Q) and allowing them to
experience different rates of genetic drift (Rougeux et al, 2017). The integration of
varying Ne across the genome improved fits for two of the four comparisons tested (H.
himera vs. H. erato emma, and H. himera vs. H. erato favorinus; Figure 3.4C-D). These
results support the notion that linked selection is a driver of genomic divergence patterns
between H. himera and the H. erato on the eastern slopes of the Andes.
4.4

Support for barrier loci driving heterogeneous divergence between H. himera
and H. erato cyrbia
In addition to linked selection acting throughout the genome to produce genomic

differentiation, a second type of selection can be caused by genetic barrier loci that are
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result from either local adaptation or reproductive isolation. These barrier loci are
resistant to gene flow and manifest statistically as a reduction in the effective migration
rate near the region under selection (Barton and Bengtsson, 1986; Nosil, 2012; Sousa et
al, 2013). This heterogeneity in the migration rates across the genome can be integrated
into the modeling scheme by again creating two classes of loci (P and 1-P) that
experience different rates of gene flow (Tine et al, 2014).
Incorporating heterogeneous rates of migration across the genome resulted in
better fits for two out of the four comparisons, (H. erato East vs. H. erato cyrbia, and H.
himera vs. H. erato cyrbia; Figure 3.4A-B), suggesting that introgression rates are
variable across the genome since the time of divergence for H. himera and H. erato
cyrbia. In particular, parameter estimates for the isolation model for H. himera show a
markedly low rate of migration from H. himera into H. erato cyrbia at the second class of
loci (Table 3.1) These results imply that genetic barriers are potentially involved in
reducing introgression at certain regions of the genome between H. himera and H. erato
cyrbia and could be contributing to substantial divergence patterns in the genomic
landscape.
4.5

The importance of demography and selective forces in shaping
heterogeneous genomic patterns
The H. erato radiation provides an ideal system to study the early stages of

divergence that leads to speciation, as hybridizing color pattern races sit on a continuum
of genomic divergence (Figure 3.1), with H. himera representing an incipient species
nested within the H. erato radiation that shows elevated divergence patterns. While there
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has been much focus on the forces that drive these varying patterns of divergence in the
genome (Supple et al, 2015; Van Belleghem et al, 2018), disentangling the effects of
selection and demography has proved to be elusive. This study attempts to account for
the interaction between the neutral effects of demographic history and the effects of
selection on genomic variation between populations.
In this vein, this work and others demonstrate that the heterogeneity in genomic
divergence between H. erato and H. himera is likely due to a complex combination of
demography and selection. First, evidence for demographic changes in effective
population size of H. himera, involving bottleneck events, can lead to a decrease in
nucleotide diversity and increase the strength of genetic drift leading to a build-up of
divergence. Second, evidence from demographic modeling shows that linked selection
due to either background selection or selective sweeps can be participating in divergence
between H. himera and the east H. erato populations. Third, demographic inference
supports isolation with gene flow models that show reduced rates of introgression at
regions in the genome consistent with reproductive isolation due to incompatibility loci,
particularly in H. himera and H. erato cyrbia.
Though this study has shown evidence for possible forces affecting the
divergence patterns seen between H. erato and H. himera, there still remain many open
questions. For instance, to what degree is selection operating on loci that display such
drastic reduced effective migration rates in the genome? While H. himera and H. erato
cyrbia differ in color pattern loci due to divergent selection, they also differ in mate
preference, physiology, habitat preference, and larval development (McMillan et al,
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1997; Mallet et al, 1998a; Jiggins et al, 1996; Pardo-Diaz et al, 2012). This opens the
possibility that selection could be operating on many loci across the genome responsible
for divergent traits between H. erato cyrbia and H. himera. Further pairwise modeling
and introgression analyses (e.g., with statistics such as DFOIL; Pease and Hahn, 2015)
should shed more light on the demographic histories in these species, potentially allowing
for the identification of which alleles were shared during contact and which ones could
potentially be advantageous and rise to high frequency in the receiving population
(adaptive introgression).
Though models remain only simplified representations of complex divergence
histories, the present work further highlights the importance and power of testing
complex demographic scenarios and independently assessing the effects of different
modes of selection as well as their combined effects (Tine et al, 2014; Rougeux et al,
2017). These results stress the importance of understanding the history of admixture and
population demography to disentangle the drivers of the genomic change as new species
evolve.
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A.1

Data repository
All supplemental tables, code, and figures are available at:

https://github.com/jmcole003/2018_herato_demography
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